The embryonic cuticle is necessary for normal seed development and seedling establishment 23 in Arabidopsis. Although mutants with defective embryonic cuticles have been identified, 24 neither the deposition of cuticle material, nor its regulation, has been described during 25 embryogenesis. Here we use electron microscopy, lipid staining and permeability assays to 26 show that cuticle deposition initiates de novo in patches on globular embryos. By combining 27 these techniques with genetics and gene expression analysis, we show that successful patch 28 coalescence to form a continuous cuticle requires a signalling involving the endosperm-29 specific subtilisin protease ALE1 and the receptor kinases GSO1 and GSO2, which are 30 expressed in the developing embryonic epidermis. Transcriptome analysis shows that this 31 pathway regulates stress-related gene expression in seeds. Consistent with these findings we 32 show genetically, and through activity analysis, that the stress-associated MPK6 protein acts 33 downstream of GSO1 and GSO2 in the developing embryo. We propose that a stress-34 related signalling pathway has been hijacked in some angiosperm seeds through the 35 recruitment of endosperm-specific components. Our work reveals the presence of an inter-36 compartmental dialogue between the endosperm and embryo that ensures the formation of 37 an intact and functional cuticle around the developing embryo through an "auto-immune" 38 type interaction. 39 40 41 endosperm breaks down, leaving space for the growing embryo. By the end of seed development, 46 only a single endosperm cell layer envelops the embryonic tissues (reviewed in [1]).
INTRODUCTION 42
The Arabidopsis seed is a complex structure composed of three genetically distinct compartments, 43 the maternally-derived seed coat, the embryo, and the endosperm. After fertilization the expansion 44 of the endosperm drives the growth of the seed. However, during later developmental stages the 45 cell wall but no electron dense material was detected at the embryo surface. At the mid-late 144 globular stage, a cutin-like electron-dense material was detected in patches ( Figure 4b and 145 Supplementary Figure 5a ,b). From heart stage onwards, an apparently continuous layer of 146 electron-dense cutin-like material was detected at the surface of the outer epidermal cell wall. 147 Embryonic cuticle production therefore involves the de novo deposition and subsequent 148 coalescence of "patches" of cuticular material at the surface of epidermal cells. Toluidine blue 149 assays with wild-type embryos extruded at different developmental stages indicated that 150 permeability started to reduce noticeably at the early torpedo stage (slightly after apparent gap 151 closure), and that the embryo continued to become more and more impermeable during 152 embryo development ( Supplementary Figure 4 ), suggesting that the coalescence of gaps in the 153 embryonic cuticle correlates well with a reduction in embryonic permeability. 154 In gso1-1 gso2-1 mutants the cuticle still showed discontinuities at the heart and 155 walking stick stage (Figure 4e -f, Supplementary Figure 5c -f). In this background the cuticle 156 also appeared thicker, but less condensed than that of wild-type embryos. The outer epidermal 157 cell wall was also abnormally thick at later stages (compare embryonic cell wall thickness in 158 Figure 4d with that in 4f). Similar discontinuities were observed, although at a lower 159 frequency, in the ale1-4 background at the heart stage as described previously [10] , but were 160 less frequent at later stages, consistent with the less severe cuticle permeability phenotype 161 observed in the seedlings of this background (Figure 4g-h) . These results are consistent with 162 our hypothesis that the ALE1 GSO1 GSO2 pathway is necessary for generating a continuous 163 cuticle layer and further suggest that it controls "gap closure" during embryonic cuticle 164 maturation. 165 GSO1 GSO2 and ALE1 regulate overlapping gene sets and promote the expression of defence 166 related genes during seed development. 167 Transcriptional analysis of intact siliques from gso1-1 gso2-1 and ale1-4 mutants and wild-168 type plants was carried out at globular and heart stages. The results are provided in Figure 5a 169 and b, Supplementary Table 1 , and Supplementary Figures 6 and 7 . The number of 170 differentially down-regulated genes in the mutant backgrounds compared to wild-type was 171 higher than the number of up-regulated genes ( Supplementary Table 1 ). A moderate overlap 172 between genes showing higher expression in ale1-4 and gso1-1 gso2-1 mutants than wild-type 173 controls was observed ( Supplementary Figure 6 , Supplementary Table 1 ). In contrast more 174 than three quarters of the genes showing reduced expression at both developmental stages in 175 the gso1-1 gso2-1 background also showed reduced expression at both developmental stages 176 in ale1-4 mutants (Figure 5a and Supplementary Table 1 ), corroborating previously published 177 genetic evidence that ALE1, GSO1 and GSO2 act in the same genetic pathway [7] . Because 178 ALE1 appears to be expressed exclusively in the ESR region of the endosperm [7,8,10], genes 179 mis-regulated in both mutant backgrounds likely comprise bona fide targets (direct and 180 indirect) of the ALE1 GSO1 GSO2 pathway, despite the fact that the expression of GSO1 and 181 GSO2 is not restricted to the seed [6, 9, 20] . 182 Genes up-regulated in both mutant backgrounds showed a moderate over- Figure 8 ). The expression levels of these genes in seeds were generally low, and attempts to 189 carry out in situ hybridization were inconclusive. However for one target, SWI3A [33], 190 expression in the developing embryo predicted from in silico data was confirmed, and shown 191 to be convincingly reduced in embryos of the gso1-1 gso2-1 double mutant (Supplementary 192 Figure 9 ). Thus, consistent with the embryonic expression of GSO1 and GSO2, some of the 193 transcriptional regulation downstream of ALE1 GSO1 GSO2 signalling occurs in the embryo.
194
Expression of ALE1 was not reduced in gso1-1 gso2-1 mutants ( Supplementary Table 2 and 195 Supplementary Figure 8 ), suggesting that ALE1 is not a downstream target of GSO1 GSO2-196 mediated signalling, and could therefore act upstream of GSO1 and GSO2 in mediating 197 embryonic responses necessary for the establishment of an intact embryonic cuticle.
198
MPK6 acts in the ALE1 GSO1 GSO2 signalling pathway.
199
The GSO1 and GSO2 receptor kinases belong to family XI of the Leucine-Rich Repeat
200
(LRR)-RLKs [34, 35] , and are closely related to the "danger" peptide receptors PEPR1 and 201 PEPR2 [36,37], which are involved in the amplification of defence responses triggered by 202 pathogen-associated molecular pattern (PAMP) perception [38] . A previous study [39] , 203 reported aberrantly shaped seeds, resembling those of ale1-4 mutants, in Arabidopsis mpk6 204 mutants lacking the MITOGEN ACTIVATED PROTEIN KINASE6 (MPK6) protein, which 205 acts downstream of PEPR signalling. In addition a proportion of mpk6 mutant seeds were 206 reported to rupture [39] . We confirmed these phenotypes in the mpk6-2 mutant background 207 (Supplementary Figure 10) . A recent article has suggested that some seed defects in mpk6 208 mutants may depend upon the genotype of the maternal tissues in the seed [40] . Reciprocal 209 crosses were therefore performed, and these confirmed that seed twisting phenotype is 210 dependent upon the genotype of the zygotic compartment and not the maternal compartment 211 (Supplementary Figure 11 ). We found that a proportion of mpk6-2 seedlings showed 212 abnormal permeability to the hydrophilic dye toluidine blue, consistent with the presence of wild-type cotyledons were found to be covered with a continuous lipid cuticle layer. As 216 previously reported, and consistent with our cutin analysis, gpat4 gpat8 mutants showed 217 drastically reduced cuticle staining. In contrast gso1-1 gso2-1 mutants showed a patchy 218 cuticle, similar to that seen using transmission electron microscopy on the embryo surface.
219
Both ale1-4 and mpk6-2 mutants showed a less well-defined cuticle than wild-type, which 220 although apparently continuous, showed uneven cutin deposition ( Supplementary Figure 12 221 a,b).
222
Triple mpk6-2 gso1-1 gso2-1 and double ale1-4 mpk6-2 mutants were generated to 223 investigate further the genetic interactions of ALE1, GSO1 and GSO2 with MPK6. Fertility in 224 ale1-4 mpk6-2 double mutants was similar to that in mpk6-2 mutants, while triple mpk6-2 225 gso1-1 gso2-1 mutant plants were viable but produced very few seeds. In terms of seed shape 226 and cotyledon cuticle permeability, triple mpk6-2 gso1-1 gso2-1 mutants had phenotypes this study. We therefore directly tested a subset of genes mis-regulated in gso1-1 gso2-1 and 239 ale1-4 mutants for misregulation in mpk6-2 mutants at three stages of embryo development.
240
Five out of eight genes tested showed reduced expression in mpk6-2 either at all three stages 241 (SWI3A, WRKY70 and NIMIN1), or in two out of three developmental stages tested (SIB1 and 242 NIMIN2) (Supplementary Figure 13 ). Unsurprisingly given the relatively weak cuticle 243 phenotype of mpk6 mutants compared with gso1 gso2 mutants, some genes showing strong 244 down-regulation in the gso1-1 gso2-1 mutants (WRKY33, WRKY46 and WRKY53) did not Figure 16 ). Following quantification, we found that the degree of 258 phosphorylation of MPK6 was reduced by approximately 50% in gso1-1 gso2-1 double 259 mutant seeds compared to wild-type, suggesting that a significant proportion of MPK6 Figure 16 ). Intriguingly, in seeds, a band corresponding to a second 262 phosphorylated MPK was detected exclusively in mpk6-2 mutants (Figure 6b ), suggesting that 263 the relatively weak mpk6 seedling cuticle phenotype could be due to compensation by an as 
265
MPK6 activity is required in the embryo, but not the endosperm, to maintain cuticle integrity.
266
The strong expression of GSO1 and GSO2 in the embryonic epidermis, suggests that 267 the activity of GSO1 and GSO2 in cuticle formation is required in the embryo. No promoters 268 confirmed as specifically being expressed only in the embryo or embryo epidermis, have been 269 published. To further confirm the spatial requirement for GSO1/GSO2-dependent signalling 270 in the seed, we therefore complemented the mpk6-2 mutant either with the MPK6 cDNA 
276
Together with the results of our reciprocal crosses, these findings indicate that the seedling 277 permeability phenotype of mpk6-2 mutants is most likely due to signalling defects in the 278 embryo. Seed size and seed bursting defects could be caused by lack of MPK6 in the testa, as 279 suggested by reciprocal crosses, although this remains to be investigated in more detail. In It this study, consistent with the similarity between GSO1/2 and PEPR1/2 proteins, we found 286 that stress-associated kinase MPK6, which has been shown to act downstream of PEPR 287 signalling [56], shows constitutive phosphorylation in developing seeds, and that this 288 phosphorylation is partially dependent upon GSO1 and GSO2. In addition, we showed that 289 GSO1/GSO2, are required for the expression of a set of stress-related genes during early seed 290 development. Our results suggest that GSO1/GSO2 dependent stress response-related 291 signalling pathways are active in developing seeds. Because of the conserved transcriptional 292 targets expressed downstream of GSO1/GSO2 dependent signalling, and in defence 293 responses, this scenario is distinct from previously reported situations in which single 294 pathway components, such as the co-receptor BAK1, play distinct roles in developmental and 295 defence-related signalling cascades through interaction with multiple receptors [57, 58] . 296 However, the role of the transcriptional targets of GSO1/GSO2 signalling in seeds remains to 297 be elucidated.
298
Our work also shows that GSO1/GSO2, ALE1 and MPK6 act in a genetic pathway 299 involved in ensuring embryonic cuticle integrity. We show for the first time that embryonic 300 cuticle biogenesis involves the coalescence of discontinuous patches of cutin-like material 301 that appear on the embryo surface at the globular stage, and that pathway mutants are either 302 incapable of completing, or retarded in the completion of "gap closure" during this process. 303 Interestingly, GSO1 (also known as SCHENGEN3 [6]) was recently shown to be involved in 304 ensuring the continuity of another apoplastic diffusion barrier, the Casparian strip, which 305 prevents the apoplastic movement of solutes from the cortex to the stele of the root [6]. GSO1 306 may therefore form part of a general mechanism employed by plants for monitoring the 307 "integrity" of apoplastic barriers formed during plant development.
308
The role of GSO1 and GSO2 in the closure of gaps in the nascent cuticle implies Testing the role of these molecules in developing seeds will be an obvious priority. However 371 Nakayama and colleagues specifically reported that no cuticle defects (as gauged by 372 cotyledon fusion phenotypes) were observed in cif1 cif2 double mutants and the possibility 373 that other signalling molecules could be involved in ensuring embryonic cuticle integrity 374 therefore cannot be excluded.
375
In summary, we propose that endosperm-localised factors (like ALE1) may have been 376 recruited to hijack a defence-signalling pathway involving the ancestor(s) of GSO1 and 377 GSO2, and downstream signalling components including MPK6, and trigger an "auto- In situ hybridization. DNA templates for the probes used in in situ hybridizations were 408 amplified using the primers listed in Supplementary Table 2 . Digoxigenin-labelled RNA 409 probes were produced and hybridized to tissue sections following standard procedures. In 
518
Primers are listed in Supplementary Table 2 . The authors declare that they have no competing financial interests. -0 (a-c) and gso1 gso2 (d-f) globular (a,d), heart (b,e) and early torpedo (c,f) both gso1-1 gso2-1 and ale1-4 Analysis of proteins extracted from developing seeds at the globular-early torpedo stage. The mutants mpk3-1 and mpk6-2 were included to confirm band iden6fica6on. No phosphoryla6on of MPKs other than MPK6 is observed in Col-0, gso1-1 gso2-1 or mpk3-1 seeds, but an addi6onal band (**) is systema6cally observed in the mpk6-2 mutant background. * Indicates a non specific band detected by the an6-MPK6 an6body. This experiment was repeated 7 6mes on independent biological samples, with similar results. (c) Degree of phosphoryla6on of MPK6 in Col-0 and gso1-1 gso2-1 mutant seeds. Error bars represent SD of 3 biological replicates (see Supplementary Figure 16 for linearity tes6ng). Representa6ve phenotypes of toluidine blue-stained seedlings from wild-type (Col-0), mpk6-2, and these backgrounds transformed with pRGP3-MPK6 or pRPS5A-MPK6. Lines correspond to those described in Supplementary Figure 17 . Scale bar = 2mm
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Figure Legends
